Black hole thermodynamics is corrected in the presence of quantum gravity effects. Some phenomenological aspects of quantum gravity proposal can be addressed through generalized uncertainty principle (GUP) which provides a perturbation framework to perform required modifications of the black hole quantities. In this paper, we consider the effects of both a minimal measurable length and a maximal momentum on the thermodynamics of TeV-scale black holes. We then extend our study to the case that there are all natural cutoffs as minimal length, minimal momentum, and maximal momentum simultaneously. We also generalize our study to the model universes with large extra dimensions (LED). In this framework existence of black holes remnants as a possible candidate for dark matter is discussed. We study probability of black hole production in the Large Hadronic Collider (LHC) and we show this rate decreasing for sufficiently large values of the GUP parameter.
Introduction
All approaches of quantum gravity support the idea that near the Planck scale, the standard Heisenberg uncertainty principle should be reformulated by the so-called generalized uncertainty principle (GUP) [1] [2] [3] . In particular, string theory [4] , loop quantum gravity [5] , noncommutative geometry [6] , and the TeV black hole physics all indicate the existence of a minimum observable length [7] . Also black hole Gedanken experiments support this idea in a fascinating manner [8, 9] . Incorporation of gravity in quantum field theory naturally leads to an effective cutoff (a minimal measurable length) in the ultraviolet regime. In fact, the high energies used to probe small distances significantly disturbing the spacetime structure by their powerful gravitational effects.
Within the standard view of black hole thermodynamics, based on the entropy expression of Bekenstein and the temperature expression of Hawking, a small black hole should emit black body radiation, thereby becoming lighter and hotter gradually leading to an explosive end when the mass approaches zero. But it has been argued that the generalized uncertainty principle prevents a black hole from complete evaporation [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . On the other hand, a version of the GUP with higher orders in the Planck length induces quantitative corrections to the entropy and then influences the Hawking evaporation of black holes. Then, the ultimate quantum nature of the physics at the Planck scale would be best described in the framework of a GUP containing the gravitational effects to all orders in the Planck length.
The idea of large extra dimensions (LEDs) which recently has been proposed, might allow studying interactions at Trans-Planckian energies in the next generation collider experiments. The model of Arkani-Hamed, Dimopoulos, and Dvali (ADD) [25] used new large space-like dimensions without curvature, and gravity is the only force which propagates in the full volume of the space-time (the bulk). Hence, the gravitational force in the four-dimensional world (the brane) appears weak compared to the other forces which do not propagate in the extra dimensions.
Among the predicted effects, the experimental production of black holes at particle colliders such as the Large Hadronic Collider (LHC) is one of the most exciting 2 Advances in High Energy Physics possibilities which has received a great amount of interest. Therefore, black holes may even be observed in current or near-future experiments. Possible production and detection of TeV-scale black holes in colliders such as the LHC provide a suitable basis to test our comprehending of black hole physics at Planck scale and quantum theory of gravity itself. For extra-dimensional gravity at TeV-scale, this leading order term in the expansion of corrected entropy relation leads to a significant change in the possibility of formation and detection of TeV black hole in the laboratories such as the LHC (see, for instance, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] ).
Until now all of the work has been done with GUP in the leading order in the fundamental length. On the other hand, it has been considered, in the context of doubly special relativity (DSR) [39, 40] , that a test particle's momentum cannot be arbitrarily imprecise and therefore there is an upper bound for momentum fluctuations. So, there is also a maximal particles momentum. Existence of an upper bound for the test particles momentum provides several novel and interesting features, some of which are studied in [41] [42] [43] [44] [45] .
In this paper, we are going to study the effects of natural cutoffs encoded in GUPs on the thermodynamics of microblack holes in two stages: firstly we consider a GUP that admits just a minimal length and maximal momentum and we call it GUP * and secondly a GUP that admits a minimal length, a minimal momentum, and maximal momentum and we call it GUP * * . We study thermodynamics of TeV-scale black holes in a model universe with large extra dimensions (LED) in the context of these GUPs. In this framework, the corrections to black hole thermodynamic parameters may have important consequences on the black hole production at particle colliders. We compare the results obtained by each of the above mentioned GUPs and we focus on the role of natural cutoffs in this framework. Existence of black holes remnants as a possible candidate for dark matter is discussed also.
The organization of this work is as follows: in Section 2, we introduce a generalized uncertainty principle with minimal length and maximal momentum (GUP * ) and also a generalized uncertainty principle which admits a minimal length, a minimal momentum, and maximal momentum (GUP * * ). In Section 3, we obtain an expression for the black holes temperature with GUP * and we calculate entropy and heat capacity of black hole with this GUP. In Section 4, the GUP * * -corrected thermodynamic parameters are computed. The paper follows by summary and discussion in Section 5.
A Brief about GUP

Generalized Uncertainty Principle with Minimal Length and Maximal Momentum (GUP *
. It has been considered in the context of the doubly special relativity (DSR) that a test particle's momentum cannot be arbitrarily imprecise and therefore there is an upper bound for momentum fluctuations [46] [47] [48] [49] [50] [51] [52] [53] [54] . Then, it has been shown that this may lead to a maximal measurable momentum for a test particle [39, 40] . In this framework, the GUP that predicts both a minimal observable length and a maximal momentum can be written as follows [39, 40] :
This relation can lead us to the following commutator relation (see [39] ):
where is a positive constant in the presence of both minimal length and maximal momentum. In LEDs scenario and based on the ADD model, GUP can be written as follows:
where the Planck length in a model universe with large extra dimensions is defined as
and is gravitational constant in -dimensional space-time. In the ADD scenario, = 4 −4 , where is the size of the extra dimensions. By saturating the inequality in (4) and solving for Δ , we find
so that the minimal position uncertainty has the value
This result can be described as a new minimal length scale.
Generalized Uncertainty Principle with Minimal Length,
Minimal Momentum, and Maximal Momentum (GUP * * ). In this section, we consider a generalized uncertainty principle that admits a minimal length, a minimal momentum, and maximal momentum. The minimal length as usual comes from the finite resolution of space-time points (space-time fuzziness) in Planck scale. In fact it is based on the fact that a string cannot probe distances smaller than its length. Maximal momentum, as we have explained previously has its origin in the doubly special relativity. Actually, existence of a minimal fundamental length naturally leads to the existence of maximal energy for test particle and hence the maximal momentum. Existence of a minimal momentum in some sense needs more explanation: it is known that for large distances, where the curvature of space-time becomes important, there is no notion of a plane wave on a general curved space-time [55] (see also [56] ). This means that there appears a limit to the precision with which the corresponding momentum can be described. One can express this as a nonzero minimal uncertainty in momentum measurement.
For example, by an intuitive procedure relying on harmonic oscillator, it is known that quantum mechanical ground state energy of a harmonic oscillator is not zero and has a minimum value. So one can conclude the smallest uncertainty in momentum is not zero. This smallest uncertainty in momentum measurement can be considered nontrivially as the minimal momentum. In fact, this is a nontrivial assumption that minimal ground state energy in harmonic oscillator should quantum theoretically be described as a nonzero minimal uncertainty in momentum measurements (for more details see [57, 58] ). Based on these arguments, one infers the following expression:
We can write the following relation in extra dimensions as
This relation leads to a nonzero minimal uncertainty in both position Δ 0 and momentum Δ 0 . Here and are dimensionless, positive coefficients, and independent of Δ and Δ but may in general depend on the expectation values of and . It is easy to show that
In particular, we suppose that operators of position and momentum obey the following commutation relation:
Then, we obtain
So, the curve on the boundary of the allowed region is given by
3. TeV-Scale Black Hole Thermodynamics with Minimal Length and Maximal Momentum (GUP * )
Temperature of TeV-Scale Black
Hole. The Hawking temperature for a spherically symmetric black hole has been obtained in several ways by using the GUP and general properties of black holes are studied in this framework (see, for instance, [10] ). Based on the relation (1), a simple calculation, with stress on the correct limiting results, gives
. (13) Following the heuristic argument of [10] , based on the uncertainty principle, we have
Through this paper the natural units are used so that ℏ = 4 = = = 1. The constant of (14), ( − 3)/2 , is a calibration factor in dimensional space-time (see, for instance, [59, 60] ). So, the modified black hole temperature based on the GUP * becomes
In the vicinity of the black hole surface there is an inherent uncertainty in the position of any particle of about the Schwarzschild radius (see [61] ):
where is the dimensionless area coefficient and is given by We substitute (16) into (15) and obtain
Based on this relation, GUP * gives rise to the existence of a minimal mass of a black hole given by
From this expression we observe that the BH temperature is only defined for ≥ min . For a BH with a mass equal to min , the Hawking temperature reaches a maximum value given by
This feature leads us to a finite temperature at the final stage of the black hole evaporation via Hawking radiation. By Figure 1 , the evaporation process of TeV-scale Schwarzschild black hole in the framework of GUP * is commonly organized in two stages: in the first stage black hole temperature increases through its evaporation process. This phase is known as the Hawking phase, lasting up to the time in which it comes near to a maximum value which is known as the halt phase. In this stage, the temperature reaches to a nonzero, UV cutoff case with a finite nonzero mass which is known as a Planck-size remnant (see, for instance, [10, [62] [63] [64] [65] ). Also, as Figure 2 shows, when increases, the order-ofmagnitude of the minimum mass increases and the location of the temperature peak displaces to the lower temperatures.
Entropy and Heat Capacity of TeV-Scale Black Hole.
To obtain an analytic form of the black hole entropy with GUP * , let us acquire a Taylor expansion of (22) around = 0:
This relation can be rewritten as follows:
The entropy is obtained by the integration of = 2 / and we obtain a modified GUP * entropy from (22) accordingly: 
For = 5,
For = 6,
Now we see that the coefficient of the logarithm is obtained as a positive number for all extra dimensions (see also [11, [66] [67] [68] [69] [70] [71] [72] ). We estimate the logarithmic correction term in extra dimensional model based on GUP * and it can be given by
) .
We can also calculate the relations between event horizon area and entropy of a large BH easily (see, for instance, [11] ). The result is shown in Figure 3 . This figure shows that in scenarios with extra dimensions, black hole entropy decreases. The classical picture breaks down since the degrees of freedom of the black hole, that is, its entropy, are small. In this situation one can use the semiclassical entropy to measure the validity of the semiclassical approximation. Therefore, higher dimensional black hole remnants have less classical features relative to their four dimensional counterparts. To calculate the heat capacity of a black hole, we use a well-known thermodynamical relation = ( / ) = / . So we obtain the heat capacity as a function of mass as follows:
The result is shown in Figure 4 . At the Planck mass the slope is infinite, corresponding to the zero heat capacity of the black hole. (14) and (16), we obtain
TeV-Scale Black
Therefore, the uncertainty relation GUP * * gives rise to the existence of a minimal mass of a black hole as This result agrees with the standard result for mass if the negative sign is chosen, whereas the positive sign has no evident physical meaning. Also, we restrict the range of the parameter to be 2 2 ≤ 1/12 4 and 2 2 ̸ = 1/16 4 , for ≥ 0, ≥ 0. This shows that and cannot take any arbitrary value and this point should be considered in the previous equation. We can also conclude that and are related to each other and are not independent parameters. Now, the finite temperature at the final stage of the Hawking radiation takes the following form: 
One can see that uncertainty relation GUP * * causes increasing of the black holes temperature in comparison with relations (18) and (20) . Let us investigate temperature as a function of to see the effect of GUP * * in another fashion. One can find that temperature has an extremum point when the mass of the black hole reaches the following value for = 4: 
It is easy to see that at a point temperature of the black hole takes a minimal value when ext is on the boundary of the allowed region and it is larger than min . We know that black hole thermodynamics is only defined for ≥ min . Then, ext is acceptable and has an evident physical meaning. When the black holes mass is above ext , temperature (30) increases with the mass rise. When the mass is below the ext its reduction leads to increasing of the temperature. Similar mass-temperature dependence was obtained in case of Schwarzschild-AdS black hole with modified generalized principle (7). We note that minimal temperature is the consequence of a minimal uncertainty in momentum and it can appear for different black holes metrics. In Figure 5 , we have compared the temperature of black hole as a function of the mass for = 4 and for different types of GUPs. Figure 6 that follows from the above results can be interpreted as follows: a small black hole, with temperature greater than the ambient temperature, should radiate photons, as well as other ordinary particles, until it reaches Planck mass and size. It cannot radiate further and becomes an inert remnant, possessing only gravitational interactions. and use the Taylor expansion to obtain an analytic form of the black hole entropy:
Entropy and Heat Capacity of
This relation can be rewritten as follows: 
Using the value of min , we obtain 
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In a similar manner, for = 5, we find
Also for = 6, we have
2 )
The important point here is the fact that the coefficient of the logarithm (logarithm prefactor) is obtained to be a positive number for all extra dimensions again. The logarithmic correction term in extra dimensional model based on GUP * * is given by Figure 7 displays the black hole entropy versus its mass. The entropy reduces by increasing the number of the extra dimensions. In fact, as Figure 7 shows, black holes in extra dimensional models have numerically smaller entropy than black holes in four dimensions. Note that we have normalized the modified entropy to be zero at . Now we calculate the heat capacity of black hole as a function of its mass . The result is When black hole mass is below the ext , the heat capacity is negative. It is equal to zero when the mass reaches min . When the mass of the black hole is above the ext , the heat capacity is positive and tends to a finite value when mass goes to infinity. So ext is the discontinuity point for the heat capacity. The behavior of black hole heat capacity as a function of mass for = 4 and with different types of GUPs is shown in Figure 8 .
As can be seen in Figure 9 , negative heat capacity shows that thermodynamical system is unstable and tends to decay. When heat capacity reaches zero, the system goes to stability. Indeed, black hole cannot radiate further and becomes an inert remnant, possessing only gravitational interactions.
Here we have shown that final stage of evaporation of a black hole is a remnant which has mass increasing with spacetime dimensions. One of the major problems with these remnants is the possibility of their detection. As interactions with black hole remnants are purely gravitational, the crosssection is extremely small, and direct observation of these remnants seems unlikely at least in the current situation. One possible indirect signature may be associated with the cosmic gravitational wave background.
Conclusions and Discussion
In this paper, using two different forms of the generalized uncertainty principles as our primary inputs, we have calculated the temperature and microcanonical entropy of a TeV scale black hole in the framework of the large extra dimensional scenarios. In scenarios with extra dimensions, black hole temperature increases with respect to the four dimensional ones (see Figures 1, 2, 5, and 6 ). This feature leads to faster decay and less classical behaviors for black holes. It is evident that in extra dimensional scenarios final stage of evaporation (black hole remnant) has mass more than its four dimensional counterpart. In scenarios with extra dimensions, black hole entropy decreases (see Figures 3 and 7) . The classical picture breaks down since the degrees of freedom of the black hole, that is, its entropy, are small. In this situation one can use the semiclassical entropy to measure the validity of the semiclassical approximation. It is evident that in extra dimensional scenarios final stage of evaporation (black hole remnant) has event horizon area more than its four dimensional counterpart (see Figures 3 and 7) . As an important issue, black hole radiation is mainly on the brane. In other words, black holes decay by emitting radiation mainly on the brane. This is in accordance with the results of [17] . The evaporation process for TeV-scale black holes in the framework of the new-GUPs adopted in this paper is commonly organized in two stages: Hawking phase and halt phase. The corrections could be tested in current or future experiments at least by its prediction of black hole remnants. This remnant has been considered as a possible candidate to preserve information coming out of the black hole and therefore a possible solution of information loss problem [73] . The creation of the stable black hole remnants would prepare attractive new signatures which allows for the identification of such a remnant occurrence at colliders (such as the LHC) or Ultra High Energy Cosmic Ray (UHECR) [17] experiments. We obtained a numeric value for the new-GUP parameter. The existence and possible numerical value of this coefficient (logarithmic perfector) has been the basis of several interesting research programs in recent years [66] [67] [68] [69] [70] [71] [72] .
One may urge that and are constant quantities and their variations have no sense. We note, however, that and are essentially model-dependent parameters; they depend on the aspects of the candidates for quantum gravity proposal. So, we conclude that and are related nontrivially and can attain different values in different alternative approaches to quantum gravity.
As we have shown in Table 1 , min and max depend on the coefficient and the space-time dimensions in the framework of the GUP * . Also, Table 1 in the framework of GUP * gives maximum temperature and minimum mass of the black hole remnant for different values of ranging from 4 to 11. If GUP * -parameter increases from left to right (for fixed ), the maximum temperature decreases and the minimum mass of the remnant increases. According to this table, as increases from top to bottom (for fixed and ), the maximum temperature increases but minimum mass has a different behavior for different amounts of the coefficient. If = 0.5, then the minimum mass enlarges up to = 5 and for ≥ 6, the minimum value of the remnant mass reduces. For = 1, the minimum mass enlarges up to = 10 and for ≥ 11, the minimum value of the remnant mass reduces and so on. The situation is the same for GUP * * as Table 2 shows. For example, for = 0.5 and = 0.01 we see the same behavior as GUP * . But the numerical values of temperature and mass are different with the GUP * case. We conclude that the minimal black hole mass becomes smaller by increasing the space-time dimension, . This issue is very important because a black hole in model universes with extra dimensions at fixed and can be produced at the LHC or future (next generation) accelerators just in the circumstance that cm ≥ min , where cm is partonparton center-of-mass energy which is equal to 14 TeV. As we can see from (10), the minimal mass, min , relies efficiently upon the GUP parameter and the space-time dimension . Therefore, in theories with large extra dimensions, if the number of space-time dimensions is adequately great, with an adequately small GUP parameter, the GUP * and GUP * * slightly suppress the production of black holes in colliders such as the LHC. For an effectively large new-GUP parameter, the minimum value of mass enlarges by increasing without any bound. Therefore, in the new-GUP framework with sufficiently large and , the likelihood of the black hole production defeats at the LHC energies. So, black holes might not be observable in the LHC experiments while they could be still at the reach of the ultra-high energy cosmic ray events (see also [64, 65] ). Finally, we note that the generalized uncertainty principle and model universes with large extra dimensions are two well-established concepts in the modern theoretical physics. Phenomenologically, these concepts have important implications on the high energy physics problems such as production and evaporation processes of black holes. In scenarios with large extra dimensions, it is feasible for this scale to be not far from ∼TeV which directs to the famous hierarchy problem. If the minimal GUP mass as a remnant of the black hole is indeed of the order of 1 TeV, then it seems that TeV scale black holes may be formed at the LHC. However, the size of the remnant depends sensitively on the GUP parameter and number of extra dimensions.
